The purpose of this study was to determine the effect of a single dose of 300 mg of ritonavir on the plasma pharmacokinetics (PK) of a single dose of 20 mg of elvucitabine when the two drugs were coadministered in healthy subjects. In a three-way crossover design, 30 subjects received 20 mg of elvucitabine, 300 mg of ritonavir, or 20 mg of elvucitabine coadministered with 300 mg of ritonavir. Elvucitabine concentrations were analyzed using a validated liquid chromatography-tandem mass spectrometry assay. The PK of elvucitabine was determined using both noncompartmental and compartmental analyses. Models were developed and tested using ADAPT-II, while a population analysis was performed using IT2S. Comparisons of PK parameters between groups were done with SAS. The pharmacokinetic behavior of elvucitabine was best described by a two-compartment linear model using two absorption rates and a first-order elimination rate. Ritonavir significantly impacted the PK of elvucitabine by reducing elvucitabine's bioavailability, with the most plausible explanation being an inhibition on influx transporters by ritonavir. The decrease in elvucitabine bioavailability when elvucitabine was coadministered with ritonavir may be due to ritonavir's inhibiting influx gut transporters. Continued development of elvucitabine is warranted to better characterize its PK and to determine its in vivo efficacy against human immunodeficiency virus.
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The number of people infected with human immunodeficiency virus (HIV) is increasing, and it is estimated that more than seventy million people have been infected so far, of whom thirty million have died (14) . Since the mid-1990s, the widespread use of highly active antiretroviral therapy (HAART) has dramatically reduced the incidence of mortality associated with HIV (8, 10, 12) . HAART regimens include cocktails composed of at least three medications from at least two classes of medication (15, 16) . Two of the main classes of HIV drugs are nucleoside reverse transcriptase inhibitors (NRTIs) and protease inhibitors. NRTIs require intracellular metabolism to the triphosphate metabolite in order to be efficacious in stopping the replication of the virus. The majority of protease inhibitors, on the other hand, do not require metabolism and are cleaved by the virus protease, blocking the normal development of the virus and making it impossible for it to infect other cells.
New HIV drugs with favorable pharmacokinetics (PK) profiles as well as improved safety profiles are being developed. These new drugs, which make innovative dosing regimens possible, could simplify the HAART regimen, potentially increasing compliance.
Elvucitabine (2Ј,3Ј-dideoxy-2Ј,3Ј-didehydro-␤-L-5-fluorocytidine), an investigational L-cytosine NRTI, showed a 5-to 10-fold-improved in vitro activity against wild-type HIV isolates (50% inhibitory concentration of ϳ1 ng/ml in peripheral blood mononuclear cells) compared to lamivudine. In addition, elvucitabine also showed potentially greater activity against a variety of nucleoside resistant viral isolates, particularly those that are resistant to zidovudine and tenofovir. Preclinical in vitro data for elvucitabine showed that elvucitabine has a plasma protein binding of less than 10%, is metabolized intracellularly into monophosphate, diphosphate, and triphosphate analytes (with elvucitabine triphosphate having a halflife of at least 20 h), has no other significant metabolites (i.e., was not metabolized by CYP enzymes), and is not an inducer or an inhibitor of CYP enzymes. Additionally, preclinical animal studies demonstrated that elvucitabine has a bioavailability of approximately 50% in dogs and has increasing exposure with increasing doses in mouse, rat, and dog studies. Preliminary phase I PK studies of elvucitabine demonstrated that elvucitabine has a long half-life, which could potentially make innovative dosing regimens possible.
The purpose of this study was to determine the effect of a single dose of 300 mg of ritonavir on the plasma PK of a single dose of 20 mg of elvucitabine when the drugs were coadministered in healthy subjects. As ritonavir is a protease inhibitor often used in boosted protease inhibitor regimens, such as Kaletra, it is important to know the effect that it may have on elvucitabine's profile. Ritonavir is a protease inhibitor that causes multiple drug interactions. Ritonavir inhibits intestinal ABCB1 transporters and CYP3A enzymes. Ritonavir also inhibit hepatic CYP2D6 and possibly CYP2C9, CYP2C19, and CYP1A2 enzymes (4, 7, 9) . Ritonavir also has a high plasma protein binding (Ͼ98%) that may cause it to displace other medications (6) .
MATERIALS AND METHODS
Subjects and study design. Thirty (30) healthy subjects were enrolled in a single-center comparative randomized single-dose three-way crossover drug in-teraction study. Twenty-two male and eight female subjects, between 19 and 55 years of age, were administered 20 mg of elvucitabine, 300 mg of ritonavir, or 20 mg of elvucitabine coadministered with 300 mg of ritonavir, under fasting conditions. Doses were administered at one clinical phase I unit (Lincoln, NE). Subjects provided written consents prior to participating in the study, and the study was approved by an ethics committee. When elvucitabine was administered, plasma samples were collected for PK determination prior to dosing and at 1, 2, 3, 3.5, 4, 5, 6, 7, 8, 10, 12, 16, 24, 36, 48, 72, and 96 h postdose.
Drug analysis. Plasma samples were analyzed for elvucitabine concentrations by a sensitive and specific validated liquid chromatography-tandem mass spectrometry assay (11) . The plasma analytical range was 0.500 ng/ml to 100 ng/ml. The precision (coefficient of variation) was less than or equal to 5.2%, and accuracy (bias) ranged from 0.3 to 3.3% for concentrations of 1.5, 15, and 75 ng/ml.
Noncompartmental PK analysis. Standard noncompartmental analyses were performed on the elvucitabine concentration-versus-time data. The following PK parameters were observed or calculated for elvucitabine administered alone and coadministered with a single dose of 300 mg of ritonavir: maximum observed concentration (C max ), time of maximum observed concentration (T max ), area under the curve from time zero to 24 h (AUC 0-24 ), area under the curve from time zero to the last measurable concentration (AUC 0-t ), area under the curve from time zero to infinity (AUC 0-ϱ ), elimination rate constant (k el ), and half-life (t 1/2 ). Noncompartmental analyses were performed using Kinetica version 4.3 (InnaPhase Corporation).
Population compartmental PK analysis. Compartmental PK analyses were performed on elvucitabine data from all subjects. Individual analyses were first performed using maximum-likelihood in ADAPT-II release IV (3). The model discrimination process was based on minimization of the values of the Akaike information criterion test, of the minimum value of the objective function, and of the residual variability. An additional criterion considered in the discrimination process was the maximization of the average coefficient of determination. A population PK analysis was then performed on the final model using an iterative two-stage methodology (IT2S) (1) using previously obtained data from the ADAPT-II analysis in order to get the most accurate population PK parameters, variance, residual variability and individual results. All systemic concentrations of elvucitabine were modeled using a weighting procedure of W j ϭ 1/S j 2 , where the variance S j 2 was calculated for each observation (Y) using the formula (a ϩ b ⅐ Y) 2 . The parameters a and b are the intercept and slope of the variance model. The slope is the residual variability proportional to each concentration, and the intercept is the additive component of the error. Variance parameter estimates from the individual PK analysis (ADAPT-II) were used as beginning estimates and were updated iteratively during the population PK analysis until stable values were found.
Statistical analysis. Statistical analyses were performed using SAS version 9.1.3 for Windows. Elvucitabine PK parameters obtained after a single dose with and without ritonavir were compared using an analysis of variance (ANOVA) using the Proc Mixed procedure as implemented in SAS. An ANOVA was performed on the ln-transformed PK parameters AUC 0-24 , AUC 0-t , AUC 0-ϱ , C max , clearance (CL/F), central volume of distribution (V c /F), distributional clearance (CL d /F), peripheral volume of distribution (V p /F), and volume of distribution (V ss /F) and included sequence, treatment, and period as fixed effects and subject nested within sequence as a random effect. Similarly, an ANOVA was performed on the PK parameters absorption rate constant (k a ), t 1/2 , and lag time prior to the start of absorption. T max was compared using a Wilcoxon signed rank nonparametric analysis on paired data. Statistical significance was set a priori at P Ͻ 0.05.
RESULTS
Noncompartmental PK analysis. Standard PK parameters including AUC 0-24 , AUC 0-t , AUC 0-ϱ , C max , k el , and t 1/2 were calculated for 20 mg elvucitabine administered alone or coadministered with ritonavir. Results are presented in Table 1 . Population compartmental analyses. The population analysis was performed in two stages. The first consisted of testing different models in ADAPT-II to determine which was the simplest to explain the observed elvucitabine concentrations. The same analyses were performed for elvucitabine administered alone and for elvucitabine coadministered with ritonavir. For elvucitabine administered alone and with ritonavir, a linear two-compartment model with two first-order absorption rate constants and a first-order elimination process was determined to be the simplest model to explain the elvucitabine data. Results of the discrimination process are presented in Table 2 . The final model is presented graphically in Fig. 1 . This was consistent with the results found in a multiple-dose study of elvucitabine in HIV-1-infected subjects (2) .
A population analysis was performed on the final model using a mixed-effect modeling approach (IT2S). This analysis was done to obtain better estimates of the population PK parameters, their variance (intersubject variability), the residual variability (also known as intrasubject variability) as well as the subject's individual results. The model contained the following PK parameters: two absorption rate constants (k a 1 and k a 2), a different lag time for each absorption rate constant, CL/F, V c /F, V p /F, and CL d /F. Results of the population PK parameters are presented in Table 3 , and a graphical depiction of the predicted and observed concentrations of a representative subject is given in Fig. 2 . The population predicted versus observed elvucitabine concentrations when administered alone and coadministered with ritonavir are presented in Fig. 3 .
Results from the population analysis show that elvucitabine's half-life remained the same, while both CL/F and V ss /F increased by approximately 30% when coadministered with ritonavir. This indicates that the bioavailability of elvucitabine was significantly decreased by ritonavir. Results also show that ritonavir delayed and slowed elvucitabine's rate of absorption.
DISCUSSION
The PK behavior of elvucitabine was best described by a two-compartment linear model using two absorption rates with different lag times. Results indicated that the quality of fit was consistently better when two absorption rates were included in the model regardless of whether elvucitabine was administered alone or with ritonavir (Table 2 ). This is not surprising, as elvucitabine is a delayed-release formulation, and multiple absorption rates are often required when modified-release formulations are modeled (5) .
The residual variability left from the population analyses was low at approximately 9% for elvucitabine administered alone or with ritonavir. This suggests that the model chosen was appropriate. In addition, the predicted versus observed concentrations (Fig. 3) were close to the line of identity, and no trend was detected on the plot (absence of bias), which further demonstrates the validity of the model.
Comparing the noncompartmental and compartmental analyses can be useful in determining consistency between PK methods. Both methods provided similar clearance values for elvucitabine administered alone (17.8 versus 17.6 liters/h) and coadministered with ritonavir (29.2 versus 28.0). Results from the compartmental analysis indicate that ritonavir delayed the start of absorption of elvucitabine by 1 h and decreased one of its rates of absorption by nearly 40%. These results are in agreement with the observed 1.3 h shift in T max and lower C max of elvucitabine.
This in vivo drug-drug interaction study indicated a clinically significant PK interaction of ritonavir with elvucitabine. Elvucitabine's AUC 0-ϱ and C max decreased by 28.3% (61.7 to 83.3%) and 40.3% (44.8 to 79.6%), respectively, when it was coadministered with ritonavir. This clinically significant PK interaction with ritonavir appears to be due to a decrease in the bioavailability and not in a change in the elimination rate. As elvucitabine is not metabolized by CYP enzymes, any impact by ritonavir on the hepatic and intestinal CYP enzymes would be negligible. As elvucitabine is renally eliminated unchanged and the half-life for elvucitabine was not affected, it can be assumed that the elimination process (renal transporters) was not affected. Therefore, a plausible cause for the decrease in elvucitabine exposure by ritonavir would be an alteration in the activity of gut transporters. We can assume that some transporters other than the efflux ABCB1 are affected, as F decreased instead of increasing. This large dose of ritonavir (300 mg) therefore likely affected some influx gut transporters. Although the effect of ritonavir on influx transporters has not been reported to our knowledge, a closely related compound, saquinavir, is a substrate for OATP-A transporters (13) . It is therefore possible that ritonavir may affect the activity of OATP transporters. Conclusion. Elvucitabine PK behavior was well described by a linear two-compartment model with two first-order absorption rates and a first-order elimination rate.
Ritonavir significantly decreased the exposure of elvucitabine by decreasing its bioavailability. A probable cause for this decrease may be an inhibition of absorption influx transporters by ritonavir.
